The abilities of enzymes to catalyze reactions in nonnatural environments of organic solvents have opened new opportunities for enzyme-based industrial processes. However, the main drawback of such processes is that most enzymes have a limited stability in polar organic solvents. In this study, we employed protein engineering methods to generate a lipase for enhanced stability in methanol, which is important for biodiesel production. Two protein engineering approaches, random mutagenesis (error-prone PCR) and structure-guided consensus, were applied in parallel on an unexplored lipase gene from Geobacillus stearothermophilus T6. A high-throughput colorimetric screening assay was used to evaluate lipase activity after an incubation period in high methanol concentrations. Both protein engineering approaches were successful in producing variants with elevated half-life values in 70% methanol. The best variant of the random mutagenesis library, Q185L, exhibited 23-fold-improved stability, yet its methanolysis activity was decreased by one-half compared to the wild type. The best variant from the consensus library, H86Y/ A269T, exhibited 66-fold-improved stability in methanol along with elevated thermostability (؉4.3°C) and a 2-fold-higher fatty acid methyl ester yield from soybean oil. Based on in silico modeling, we suggest that the Q185L substitution facilitates a closed lid conformation that limits access for both the methanol and substrate excess into the active site. The enhanced stability of H86Y/A269T was a result of formation of new hydrogen bonds. These improved characteristics make this variant a potential biocatalyst for biodiesel production.
L
ipases (triacylglycerol ester hydrolases, EC 3.1.1.3) are one of the most widely used groups of industrial biocatalysts, especially those of microbial origin (1) (2) (3) . They are attractive biocatalysts due to several attributes, among them, their high catalytic yields, ease of genetic manipulation, relatively inexpensive production in bulk quantities, their capability to preserve their catalytic activity in nonaqueous media, and their high chemo-, regio-, and enantioselectivity (1) (2) (3) (4) (5) . Under physiological aqueous conditions, they facilitate the hydrolysis of carboxyl ester bonds present in long-chain acylglycerols (4) (5) (6) . However, under microaqueous conditions, lipases have the ability to perform the reverse reactions of esterification, transesterification, alcoholysis, acidolysis, or aminolysis on a wide range of natural and unnatural substrates (1, (4) (5) (6) .
Generally, enzymatic reactions in organic solvent systems possess numerous advantages, such as increased solubility of waterinsoluble substrates and products, changes in the thermodynamic equilibrium toward synthesis rather than hydrolysis reactions, avoidance of water-promoted side reactions, improved product recovery, and elimination of microbial contamination of the reaction system (7, 8) . However, most enzymes have limited activity and stability in the presence of organic solvents, as they evolved through millions of years in natural aqueous environments. Enzymes' structural conformations in aqueous environments are maintained by the balance between electrostatic and hydrophobic interactions (7, 8) . Inactivation by organic solvents is most likely due to conformational changes of the protein structure caused by changes in medium hydrophobicity and noncovalent interactions between the enzyme and the solvent molecules, which lead to protein unfolding and activity loss (7) (8) (9) (10) . Hydrophilic polar solvents are attractive solvents, as they create homogenous systems with water (7, 9) . However, they can easily penetrate the enzyme surface or strip off essential water molecules from the enzyme, leading to denaturation and activity loss (7) (8) (9) 11) . Therefore, biocatalysts with enhanced stability and activity in the presence of hostile hydrophilic polar solvents are of great interest for the chemical industry.
In recent years, enzymatic production of biodiesel by transesterification has drawn a lot of attention (12, 13) . Biodiesel refers to monoalkyl esters of long-chain fatty acids from a renewable source (e.g., vegetable oil or animal fat) and short-chain alcohols (e.g., methanol or ethanol) for use in diesel engines as alternatives for the traditional fossil fuels (12) (13) (14) (15) . Biodiesel production is usually catalyzed by a chemical alkali catalyst. However, the use of an enzymatic catalyst allows the use low-grade oil feedstock containing a high percentage of free fatty acids, easy recovery of glycerol, mild reaction conditions, and reduced alkali or acidic wastewater (12) (13) (14) (15) . Enzymatic production of biodiesel by transesterification (methanolysis for the use of methanol as the acyl acceptor) involves lipases as catalysts in microaqueous reaction systems (12, 15) . Methanol is frequently utilized as the acyl acceptor in the reaction, thanks to its high reactivity and low cost (14, 15) . However, one of the main obstacles of enzymatic methanol-ysis is the limited stability of lipases in the presence of high methanol concentrations (14) (15) (16) .
Different approaches have been used to enhance the stability of lipases and their activities in the presence of polar organic solvents. The most popular approaches have been chemical or physical immobilization onto support matrices (17) (18) (19) or physical entrapment in reversed micelles (20, 21) , which improve the lipase stability and enable the reuse of the biocatalyst. Other approaches used have included chemical or physical modifications of the enzyme (22, 23) , isolation of natural lipases with stability in organic solvents (24, 25) , and protein engineering (26, 27) . However, protein engineering of lipases for enhanced stability in methanol and, as a consequence, improved biodiesel synthesis ability had not been reported.
Protein engineering was used to create organic solvent-stable enzymes by amino acid alterations in the protein sequence. Enzyme stability in organic solvents can be successfully enhanced by a rational design approach (28) (29) (30) . However, the main drawbacks of this approach are the lack of structural data, in many cases, together with a limited understanding of the enzyme-solvent interactions, and also the limited ability to predict how amino acid alternations influence the enzyme activity and stability. Therefore, directed evolution has been the main protein engineering approach used to produce enzymes tolerant to different denaturing organic solvents (27, (31) (32) (33) (34) (35) . The main disadvantage of this approach is the time-consuming efforts involved in screening large numbers of clones (10 3 to 10 6 ) in the several rounds of mutagenesis cycles needed to improve the desired enzyme property (36) (37) (38) .
Different studies have shown that many mutations that stabilize proteins at high temperatures also increase their stability in organic solvents (39) (40) (41) . Protein engineering by introduction of ancestral/consensus residues to the enzyme protein sequence has been successfully used to evolve thermostable enzymes (39, (42) (43) (44) (45) (46) . The underlying assumption of this approach is that conserved amino acids can contribute to the enzyme stability under extreme conditions (36, 43, (46) (47) (48) . For example, Vazquez-Figueroa et al. used this approach to generate thermostable variants of glucose dehydrogenase (GDH) (39) that were also found to be more stable to organic solvents (40) . Therefore, in this study we have chosen to use this approach to engineer a lipase for enhanced stability to methanol by screening directly for this property.
The goal of this study was to create a lipase with improved transesterification activity by enhancing its stability in high concentrations of methanol by using protein engineering methods. In this work, a lipase from a thermophilic bacterium, Geobacillus stearothermophilus T6 (lipase T6) (49), was used, since it was assumed that a lipase originating from a thermophilic organism would be more resistant to denaturing agents and stress conditions than other lipases (50) . This lipase belongs to the I.5 lipase subfamily. Lipases of this group are usually highly active and relatively highly thermostable, making them suitable candidates for industrial processes (2) . However, their poor stability in polar organic solvents limits their use in esterification and transesterification reactions. We applied random mutagenesis (error-prone PCR) and a structure-guided consensus approach to generate two libraries from which variants exhibiting improved stability in methanol were isolated via a high-throughput colorimetric assay. Both libraries generated variants with enhanced stability in 60% and 70% methanol. These variants were further evaluated for their ability to catalyze methanolysis of soybean oil. We found that the most stable variant in the hydrolysis of p-nitrophenyl laurate in 70% methanol also exhibited improved thermostability, as implied from differential scanning calorimetry measurements, and a 2-fold-improved methanolysis yield compared to the wild type. Elucidation of structure-function correlations was performed via in silico homology modeling.
MATERIALS AND METHODS
Chemicals. Methanol and ethanol were purchased from Bio Labs (Jerusalem, Israel), and 2-propanol was obtained from J.T. Baker (Deventer, The Netherlands). Glycerol and ethyl acetate were purchased from Gadot (Haifa, Israel), and acetonitrile came from Spectrum Chemical MFG (Gardena, CA). Sodium taurocholate hydrate (Ն97%), Trizma base, 4-nitrophenyl laurate (pNPL), and kanamycin were purchased from SigmaAldrich (Rehovot, Israel). p-Nitrophenol was purchased from Fluka (Switzerland). Refined soybean oil was purchased from a local grocery store. Methyl esters of palmitic acid, heptadecanoic acid, stearic acid, oleic acid, linoleic acid, and linolenic acid were purchased from Sigma-Aldrich (Rehovot, Israel). All materials used were of the highest purity available.
Bacterial strains, plasmids, and culture conditions. The Geobacillus stearothermophilus T6 lip gene (EMBL accession number AF429311.1) (49) cloned into the vector pET9a (Novagen, Darmstadt, Germany) without the 90 bp encoding a 30-amino-acid leader peptide (MMKCCRRVA LVLLGLWFVFCISVLGGRAEA) was kindly provided by Yuval Shoham (Faculty of Biotechnology and Food Engineering, Technion, Israel). The vector pET9a/lip T6 was transformed into Escherichia coli BL21(DE3) (Novagen, Darmstadt, Germany) for overexpression. E. coli transformants were routinely grown in 37°C in Luria-Bertani (LB) medium (51) containing 25 g ml Ϫ1 kanamycin. His 6 tag introduction to lipase T6. A histidine tag was introduced onto the C terminus of the recombinant lip T6 gene by using high-fidelity Phusion DNA polymerase (New England BioLabs, MA) and NdeI-F and BamHI-His-R primers (see Table S1 in the supplemental material). The resulting lip T6His gene PCR product was cloned into pET9a after double digestion with NdeI and BamHI (New England BioLabs, MA).
Lipase activity assay. Lipase activity was determined by using a colorimetric assay based on the hydrolysis of pNPL in 96-well plates (Nunc A/S, Kamstrupvei, Denmark), and periodic measurement of the liberated pnitrophenol (pNP) was based on the absorbance at 405 nm determined using a multiplate reader (OPTImax tunable microplate reader; Molecular Devices, Sunnyvale, CA). Ten microliters of purified lipase solution or soluble cell extract was added to 180 l of assay mixture composed of 175 l of reaction buffer (50 mM Tris-HCl [pH 8], 4% 2-propanol, and 1% acetonitrile) (52) and 5 l of 50 mM CaCl 2 . The assay mixture containing the enzyme was equilibrated for 5 min at 40°C in the multiplate reader, and the reaction was started by the addition of 10 l of 20 mM pNPL dissolved in 2-propanol. The reaction time was 3 min, and the absorbance was measured every 12 s. The activity assay following incubation in methanol or ethanol was conducted after the lipase solution was diluted with lipase buffer (1 mM CaCl 2 , 300 mM NaCl, 50 mM Tris-HCl [pH 7.2] buffer), so that the methanol or ethanol final concentration in the reaction mixture was Ͻ3.5 ϫ 10 Ϫ2 %. The hydrolysis rate of pNPL was defined as the slope of the linear zone of the plot of absorbance versus time. A calibration curve of p-nitrophenol under the assay conditions was used for calculating the specific activity. All experimental results represent triplicates unless indicated otherwise.
Protein engineering by random mutagenesis. The lip T6His gene (1,188 bp) was amplified using error-prone PCR. A 50-l reaction mixture contained 5 mM MgCl 2 , 0.1 mM MnCl 2 , 1M betaine, 0.2 mM dATP and dGTP each, 1 mM dCTP and dTTP each, 5 U Taq DNA polymerase (MyTaq; Bioline, London, United Kingdom), 2.4 ng l Ϫ1 of each primer (NdeI-F and T7-R [see Table S1 in the supplemental material]) and 20 ng of template DNA. The PCR program comprised 5 min at 95°C, followed by 30 cycles of 95°C for 1 min, 60°C for 45 s, and 72°C for 1 min, with a final extension of 72°C for 10 min in a thermocycler (Labcycler; SensoQuest GmbH, Germany). The resulting randomized PCR product was incubated for 3 h at 37°C with 0.8 U l Ϫ1 of DpnI endonuclease (New England BioLabs, MA) in order to digest the template DNA. The PCR product was cloned into pET9a after double digestion with NdeI and BamHI. The resulting library was transformed into E. coli BL21(DE3) competent cells via electroporation. Single colonies were picked into Nunclon 96-well plates (Nunc A/S, Kamstrupvei, Denmark) containing 70 l LB with 25 g ml Ϫ1 kanamycin. Two colonies of E. coli BL21(DE3) containing pET9a/lip T6His wild type were also picked into every plate as controls. After 12 h of incubation at 37°C, 70 l of sterile 50% glycerol was added to each well, and the plates were stored at Ϫ80°C. These plates served as master plates for the library screening.
Structure-guided consensus. The structure-guided consensus approach was used to generate a small-sized mutant library, based on the methods described by Vázquez-Figueroa et al. with a few modifications (39) . A total of 205 homologous sequences of lipase T6 of bacterial origin were collected using the ConSurf server (http://consurf.tau.ac.il) from the Clean_Uniprot database (a modified version of the UniProt database aimed to screen the more reliable sequences) (53) . A total of 59 homologous sequences were chosen after limiting the search to 30 to 95% sequence identity in order to avoid similarities that were too high or too low. Sequences were narrowed to 59 by considering only complete protein sequences of active lipases and putative genes. Sequences were further narrowed to 9 sequences that represented the main branches of a phylogenetic tree constructed by using ClustalW (http://www.genome.jp/tools /clustalw/) (see Fig. S1 in the supplemental material), in order to reduce bias toward closely related homologous sequences. The additional 9 lipases sequences ranged in amino acid identity from 35 to 56% relative to the wild type (see Table S2 in the supplemental material). Final alignment was carried out using PRALINE (using the default settings) (see Fig. S2 in the supplemental material), a multiple sequence alignment tool that integrates homology-extended and secondary structure information (54, 55) . From the PRALINE alignment, 42 of the 389 positions (not including the His tag sequence) were found to have at least a 50% frequency in the consensus sequence. Of these optional substitutions for mutagenesis, we excluded positions with distances below 6 Å from the active site residues or ones that were situated on the ␣-helix lid, in order to minimize impairment to activity (39) . In addition, no substitutions on the calcium-or zinc-binding sites were chosen, to minimize loss of stability, and furthermore, the substitution had to be represented in both of the two main braches of the phylogenetic tree (see Fig. S1 in the supplemental material). For the application of these criteria, a three-dimensional (3D) homology model of wild-type lipase T6 was created by using the SWISS-MODEL server and the crystal structure of the lipase from G. stearothermophilus P1 (PDB code 1JI3 [56] ), which is 95% identical to lipase T6. The visualization of the 3D model was generated by using PyMOL (http://www.pymol .org/). After the application of these criteria, 22 positions were chosen for mutagenesis. Twenty-five specific mutations were designed, as in three positions two substitutions were chosen. The library was constructed using oligonucleotides of these specific mutations (see Table S3 in the supplemental material) obtained from Sigma-Aldrich (Rehovot, Israel). We generated a DNA library of lip T6His with randomized specific mutations by applying the Herman and Tawfic ISOR protocol (incorporating synthetic Oligonucleotides via gene reassembly [57] ) with a few modifications. The lip T6His gene (1,188 bp) was amplified from the pET9a/lip T6His plasmid by PCR using high-fidelity Phusion DNA polymerase (New England BioLabs, MA) and 2.4 ng l Ϫ1 of each primer (T7-F and T7-R [see Table S1 in the supplemental material]). The PCR product was purified with a PCR purification kit (Qiagen, CA). Eight micrograms of the purified PCR product in 50 l digestion buffer (DNase I buffer, 10 mM MnCl 2 ) was equilibrated at 20°C in a thermocycler. The DNA digestion was started by transferring the 50 l of PCR product to a new PCR tube containing 2 l of 1 U l Ϫ1 DNase I (New England BioLabs, MA). The DNA digestion proceeded for 2, 4, and 6 min at 20°C and was terminated by transferring aliquots of 15 l to a new tube containing 5 l of EDTA (0.25 M solution) and heating to 90°C for 10 min. The digested gene products were loaded onto a 2% low-melt agarose gel (Amresco, OH) for separation. Fragments of 70 to 150 bp in size were cut out and purified using a DNA isolation kit (Biological Industries, Beit Haemek, Israel). The gene was reassembled, and the oligonucleotides were hybridized using the PCR program described in the ISOR protocol (57) in a thermocycler (SensoQuest GmbH, Germany). The assembly PCR included a 25-l reaction mixture composed of 120 ng of purified DNA fragments, 1 l spiking oligonucleotides mixture (0.05 pmol l Ϫ1 of each oligonucleotide in the mix solution), 0.5 U Phusion DNA polymerase (New England BioLabs, MA), 5 l 5ϫ Phusion buffer, and 1 mM each deoxynucleoside triphosphate. The assembly product was further amplified in a nested PCR. One microliter of assembly product was used as a template in a 50-l reaction mixture with high-fidelity Phusion DNA polymerase and 2.4 ng l Ϫ1 of each primer (NdeI-F and BamHI-R [see Table S1 ]) under standard conditions. The purified nested PCR product was cloned into pET9a after double digestion with NdeI and BamHI. The resulting library was transformed into E. coli BL21(DE3) competent cells via electroporation. Plasmids from 15 colonies were extracted using a minikit (Qiagen, CA) and sequenced in order to evaluate the reassembly and hybridization success. Master plates were created as described above for the library screening.
Site-specific saturation mutagenesis. Three gene libraries encoding all possible amino acids at positions H86, A269, and Q185 of lip T6His were constructed by replacing the target codon with an NNK degenerate codon (N represents A, T, G, or C, and K represents G or T) by using the QuikChange II site-directed mutagenesis kit (Stratagene). Library T6His-H86 was created using primers H86-F and H86-R (see Table S1 ), library T6His-A269 was created using primers A269-F and A269-R (see Table  S1 ), and library T6His-Q185 was created using primers Q185-F and Q185-R (see Table S1 ). The resulting libraries were transformed into E. coli BL21(DE3) competent cells via electroporation. Master plates were created as described above with addition of two positive control wells containing E. coli BL21(DE3) cells expressing lipase T6 variant H86Y in the T6His-H86 library, A269T in the T6His-A269 library, and variant Q185L in the T6His-Q185 library.
Site-directed mutagenesis. The double mutant Q185L/A269T was created by joining mutations Q185L and A269T using the QuikChange II site-directed mutagenesis kit (Stratagene). Mutation Q185L was added to pET9a/lip T6His-A269T by using primers Q185L-F and Q185L-R (see Table S1 ). The plasmid pET9a/lip T6His-Q185L/A269T was transformed into E. coli BL21(DE3) competent cells via electroporation.
Screening for enhanced methanol stability. A high-throughput assay for isolation of enhanced methanol stability variants was developed based on the protocol described by Bottcher and Bornscheuer for measuring the activities of lipases and esterases (58) with some modifications. The colonies were transferred into 96-deep-well polypropylene plates with a plastic lid (ABgene, Thermo Fisher Scientific, Epson, United Kingdom) containing 1.2 ml of LB with 25 g ml Ϫ1 kanamycin by using a library copier (VP 381; V&P Scientific, Inc., San Diego, CA) and grown overnight for 14 h at 37°C with shaking at 200 rpm in an incubator shaker (TU-400 orbital shaker incubator; MRC, Holon, Israel) to an optical density at 600 nm (OD 600 ) of 0.4 to 0.6. After the growth stage, cells were harvested by centrifugation at 2,500 ϫ g for 10 min at 4°C in a 4K15 centrifuge (Sigma, Osterode, Germany). The cell pellets were broken by resuspension in 300 l lysis buffer (50 mM sodium phosphate buffer [pH 8], 300 mM NaCl, 0.15% lysozyme [Amresco], and 1 unit ml Ϫ1 DNase I [Sigma]) in an epMotion 5070 robotic system (Eppendorf). The suspended cells were incubated for 30 min at 4°C, followed by freezing at Ϫ80°C for 1 h and then thawing for 1 h at 37°C with shaking at 250 rpm in an incubator shaker. The cell lysate was diluted by addition of 300 l 50 mM sodium phosphate buffer (pH 8) in an epMotion 5070 robotic system, followed by centrifugation at 3,000 ϫ g for 30 min at 4°C. The supernatant was used as the enzyme solution for the activity assay before and after incubation in 60% methanol. Twenty microliters of supernatant was diluted 100-fold with lipase buffer, and 10 l of the diluted enzyme solution was used for the lipase activity assay with pNPL (without incubation in methanol solution). Aliquots of 150 l of supernatant were transferred into 96-deepwell polypropylene plates together with 225 l methanol (final concentration of methanol, 60%), incubated at room temperature for 30 min, and then centrifuged at 3,000 ϫ g for 10 min at 4°C. The supernatant was diluted 10-fold with lipase buffer and used for the lipase activity assay with pNPL (after incubation in 60% methanol). The relative residual activity was obtained by calculating the residual activity of each variant (the ratio between the activity after and before incubation in 60% methanol) and compared to the residual activity of the wild type. Variants that showed a relative activity of Ͼ1.5 compared to the wild type were isolated, sequenced, and taken for further validation.
Validation of positive variants. The validation of positive variants was performed as described before (59) with a few modifications. Single colonies of transformants were grown in 5 ml LB with 25 g ml Ϫ1 kanamycin for 6 h at 37°C with shaking at 250 rpm. A 1-ml aliquot of the starter broth was inoculated into 20 ml TB medium with 25 g ml Ϫ1 kanamycin for overnight growth. Cells were harvested by centrifugation (8,000 ϫ g, 10 min, 10°C) and resuspended with 10 ml lipase buffer. Cell breakage was carried out by sonication (VibraCell VCX750 with a CV33 transducer and SM0401 tip; Sonics & Materials Inc., Newtown, CT) in a 3-min treatment at a relative output power of 0.35 with 0.5 duty periods (60) . The cell lysate was centrifuged for 20 min at 16,000 ϫ g at 15°C, and the supernatant was used as a crude cellular extract for lipase activity assays before and after incubation in 60% methanol. A 200-l aliquot of the supernatant was mixed with 300 l methanol (final concentration of 60% methanol) in a 1.7-ml tube (Eppendorf) and incubated for 30 min at room temperature followed by a 2-min centrifugation at 12,100 ϫ g (MiniSpin; Eppendorf) for the removal of denatured proteins from the solution. The supernatant was used for lipase activity assays after incubation in 60% methanol. The residual activity (E/E 0 ) was calculated and normalized to the total protein concentration, which was determined by the method of Bradford. Protein samples of every colony were analyzed on standard 12% Lammeli discontinuous sodium dodecyl sulfate (SDS)-polyacrylamide gels (51) in order to ensure protein expression levels were similar.
Purification of His 6 -tagged lipase T6. His 6 -tagged lipase T6 and its improved variants were purified in one step by using an Ni(II)-bound affinity column (HisTrap HP; Amersham Biosciences, Giles, United Kingdom). Single colonies of E. coli BL21(DE3) cells harboring pET9a/lip T6His were grown in 20 ml LB with 25 g ml Ϫ1 kanamycin for 6 h at 37°C with shaking at 250 rpm. A 1-ml aliquot of the starter broth was inoculated into 0.5 liter of 1 mM CaCl 2 TB medium with 25 g ml Ϫ1 kanamycin for overnight growth at 37°C with shaking at 250 rpm. The cells were harvested by centrifugation (8,000 ϫ g for 10 min at 4°C) and resuspended in a binding buffer (20 mM Tris-HCl buffer [pH 7.2], 500 mM NaCl, and 20 mM imidazole). The cells were broken by using a pressure cell press (French press; Spectronic Instruments Inc., Rochester, NY). Immediately after cell breakage, sodium taurochlate hydrate (Sigma) was added to the cell extract (1%, vol/wt) in order to improve the lipase recovery. The cell debris was removed by centrifugation (16,000 ϫ g for 20 min at 15°C), and the supernatant was subjected to heat treatment of 50°C for 15 min in order to denature many of the E. coli BL21(DE3) host proteins. After another centrifugation step (16,000 ϫ g for 20 min at 15°C), the supernatant was applied to the Ni(II)-bound affinity column, which was equilibrated with the binding buffer before use. The nonbinding proteins were washed with the binding buffer, and the lipase was subsequently eluted from the column with elution buffer (20 mM TrisHCl buffer [pH 7.2], 500 mM NaCl, and 500 mM imidazole). The lipasecontaining fractions were collected and dialyzed against lipase buffer with 5% glycerol at 4°C for 24 h.
Kinetic analysis. K m and V max values for lipase T6 and its variants were determined using the colorimetric assay of pNPL hydrolysis in a 200-l reaction volume in 96-well plates as described above. A 0.002-g portion of purified enzyme was employed with increasing substrate (pNPL) concentrations ranging from 0.01 to 1 mM. The Michaelis-Menten curves for determination of the kinetic constants were obtained using GraFit version 5 (Erithacus Software Ltd., United Kingdom).
Stability of wild-type lipase T6 and its variants in alcohol. The stability of wild-type lipase T6 and its variants in high methanol and ethanol concentrations was determined by measuring the residual activity of the lipase after 1 h of incubation in different alcohol solutions. A 100-l volume of 0.2 mg ml Ϫ1 lipase solution was mixed with an alcohol solution ranging from 50 to 80% in a final volume of 500 l (60% solution; 100 l lipase solution, 100 l lipase buffer, and 300 l methanol or ethanol) and incubated in closed 1.7-ml Eppendorf tubes at room temperature. The incubation was stopped by taking 20-l aliquots from the mixture and transferring them into 180 l lipase buffer. The residual activity was determined in a lipase activity assay as described above.
Half-life determinations in methanol or ethanol. Half-life (t [1/2] ) values of lipase T6 in 50%, 60%, and 70% methanol and 70% ethanol were calculated by measuring the residual activities after different incubation periods. A 300-l volume of a 0.2-mg ml Ϫ1 lipase solution was mixed with alcohol solution ranging from 50 to 70% to a final volume of 1 ml (for example, to make a 50% methanol solution we combined 300 l lipase solution, 200 l lipase buffer, and 500 l methanol). The incubation was stopped periodically by removing 20-l aliquots from the mixture and transferring them into 180 l lipase buffer, and the residual activity was determined as described above.
Calorimetric studies of lipase T6 and its variants. The thermal-induced unfolding of wild-type lipase T6 and variants A269T, Q185L, Q185L/A269T, and H86Y/A269T was measured using differential scanning calorimetry (DSC) on a MicroCalVP-DSC instrument (GE Healthcare Bio-Sciences AB, Sweden). The reaction cell contained 1 ml (1 to 1.5 mg ml Ϫ1 ) of purified lipase in lipase buffer with 5% glycerol, and the reference cell contained 1 ml of the same buffer without the enzyme. The measurements were performed by scanning from 35°C to 90°C at 1°C min Ϫ1 . DSC measurements were analyzed using Origin software (MicroCal Inc.), and JMP 7 software was used for the statistical analysis of the results.
Lipase-catalyzed methanolysis of soybean oil. Methanolysis reactions catalyzed by lipase T6 were carried out in 4.5-ml closed glass vials filled with 1 g soybean oil. Generally, in the full hydrolysis of 1 mol of triglyceride, 3 mol of free fatty acid is liberated (15) . Therefore, 3 mol of methanol is needed for the full conversion of oil to free fatty acid methyl esters (FAME). In this research, we used 1.5:1, 2:1,and 3:1 methanol-tosoybean oil ratios. A 50-l aliquot of a 1-mg ml Ϫ1 lipase T6 solution (0.5 mM CaCl 2 , 2.5% glycerol, 100 mM NaCl, 50 mM Tris-HCl [pH 7.5]) was added to the reaction mixture, resulting in 0.005% lipase and 5% water content based on oil weight. The addition of the methanol (which does not dissolve in the oil but rather in the buffer phase) resulted in 58, 65, and 73% methanol solutions, providing methanol:oil ratios of 1.5:1, 2:1, and 3:1, respectively. Before the lipase addition, the methanol was mixed with the oil in order to avoid direct contact of the lipase with high methanol concentrations. The reaction mixture was maintained at 45°C in a VibraMax 100 orbital shaker (Heidolph Instruments, Germany) at 1,350 rpm. After 4 h, 200-l aliquots were taken from the reaction mixture and centrifuged for 3 min at 20,000 ϫ g. Ten microlayers of the upper layer were precisely weighed and mixed with 490 l of 1 mg ml Ϫ1 heptadecanoic acid methyl ester (as internal standard) in ethyl acetate for gas chromatographic analysis.
Gas chromatography analysis of FAME. The FAME content in the reaction mixture was analyzed and quantified using a 6890N GC instrument (Agilent Technologies, CA) equipped with a capillary DB-23 column (60 m by 250 m by 0.25 m; Agilent Technologies) and a flame ionization detector. One-microliter samples were injected in a split mode (1/10). The initial column temperature was 170°C and was kept for 1 min, raised to 230°C at 5°C/min, and maintained at this temperature for 4 min. The temperatures of the injector and detector were set at 270°C and 320°C, respectively. Nitrogen was used as a carrier gas at a column flow rate of 2.2 ml min Ϫ1 . FAME were identified based on the retention times of FAME standards (Sigma-Aldrich, Rehovot, Israel) and quantified using proper calibration curves based on the peak area ratio between each FAME and the internal standard (heptadecanoic acid methyl ester). FAME yield was defined as the percentage of the sample weight.
RESULTS
Screen for enhanced stability in methanol. Two protein engineering approaches, random mutagenesis and the data-driven approach of structure-guided consensus, were chosen for creating lipase T6 variants which are more stable in methanol. These approaches were chosen based on our limited ability to predict a mutation's effects on enzyme stability and activity in organic solvents. Thus, two libraries were created and screened for enhanced stability in methanol.
The structure-guided consensus approach refers to the introduction of specific mutations to the protein sequence predicted by utilizing sequence-based alignment, phylogenetic analysis, structural information, and bioinformatics (39, 61) . About 1,000 colonies of the consensus library were initially screened for improved activity following incubation for 30 min in 50% methanol. The mutation rate of the library (calculated based on the sequencing of 15 randomly picked colonies) was 2.5 Ϯ 1.7 (mean Ϯ standard error of the mean) consensus mutations (amino acid substitutions) and 1.1 Ϯ 1 random mutations (bp) per lip T6His gene. The library was highly functional, as about 90% of the transformants were active. Eighteen colonies were found with improved stability in the screening assay (relative activity, Ͼ1.5-fold above wild-type activity). Seventeen variants had the substitution A9Y in their protein sequence. However, after testing their stability in methanol via the validation assay (incubation in 60% methanol), none of them showed improved stability. Furthermore, the SDS-PAGE gel revealed that all of the variants possessing A9Y had overexpression of the protein compared to wild type (see Fig. S3 in the supplemental material). Therefore, the library was screened again, although this time the residual activity of each variant was calculated by measuring the activity before and after incubation in 60% methanol in order to avoid false-positive results caused by lipase overexpression. Using this method, 6 variants were found with improved stability in the validation assay (Fig. 1) . Two single mutations were found, H86Y and A269T, with improved residual activities of 3.7-and 21-fold, respectively. However, their combined double mutant, H86Y/A269T, which was also found in the screen, did not show an additive effect in the screening validation assay. The best four variants selected possessed the substitution A269T and showed improved relative activity, in the range of 11-to 21-fold (Fig. 1) . The highest methanol-stable variant had the substitution A269T as a single mutation.
Nearly 1,200 colonies of the random mutagenesis library were screened for enhanced stability in methanol by using the modified screen (incubation in 60% methanol). The mutation rate of the library (calculated based on the sequencing of 15 randomly picked colonies) was 3.5 Ϯ 1.7 random mutations (bp) per lip T6His gene, which resulted in 2 Ϯ 1.5 amino acid substitutions in the protein sequence. However, this library was less functional than the consensus library, as only 50% of the transformants were active. Six colonies were found with improved stability in the screen, and 5 of them showed improved stability in the validation assay. These variants had improved residual activity in the range of 1.8-to 22-fold compared to the wild type (Fig. 1) . The most stable variant, Q185L, had 22-fold-enhanced residual activity (Fig. 1) . Variant H86Y, which was previously found in the consensus library, was also found in the random mutagenesis library, where it had the second best improved stability compared to the wild type.
The best variants, A269T from the consensus library and Q185L from the random mutagenesis library were combined using site directed mutagenesis to create the double mutant Q185L/ A269T. These mutants together with variant H86Y/A269T from the consensus library were purified for further characterization.
Site-specific saturation mutagenesis at positions A269, Q185, and H86. Substitutions A269T, Q185L, and H86Y were found beneficial for enhancing lipase T6 stability in methanol. In order to find the most beneficial amino acid substitution at these positions and to improve our understanding of how these substitutions contribute to the enzyme stability in methanol, three saturation mutagenesis libraries encoding all possible amino acids at positions A269, Q185, and H86 of the lip T6His gene were constructed by using NNK codon degeneracy (32 codons/20 amino acids). Roughly 300 colonies of each library were screened for enhanced stability in methanol in order to ensure that all possible amino acids were evaluated. It was previously demonstrated by Reetz et al. that for mutagenesis of one position using NNK codon degeneracy, screening of 94 colonies is sufficient to ensure that all 32 possible outcomes are evaluated with a probability of 95% (38) .
Twelve colonies were found to have improved methanol stability in the screening of the A269 library. Half of them had serine residue at position 269 (A269S), and the other half had threonine (A269T), which was the mutation discovered in the consensus library. Both amino acids had a relatively short side chain with a hydroxyl functional group. Variant A269S had 11-fold-improved
FIG 1
Screening results of random mutagenesis and structure-guided consensus libraries. The columns represent residual activities of soluble cell extracts of lipase T6 variants after 30 min of incubation in 60% methanol compared to the wild type. Black bars, variants obtained from structure-guided consensus; striped bar, variant obtained from random mutagenesis by errorprone PCR; gray bars, variants found in both libraries. The wild-type activity before incubation was 330 U/mg (total protein), and it lost 70% of its activity after 30 min of incubation in 60% methanol. U, the amount of enzyme releasing 1 mol pNP/min. relative residual activity above the wild type, while A269T was 21-fold improved.
In the screening of library for Q185, eight colonies were found to have improved stability in methanol. All of them were residues with a hydrophobic side chain: methionine, valine, alanine, phenylalanine, and leucine. In the validation assay, substitutions Q185-to-Met, -Val, -Ala, or -Phe had an improved residual activity in the range of 8-to 12-fold above the wild type but lower than that of L185 (22-fold) .
In the screening library for H86, only two colonies, besides H86Y, showed improved stability in methanol. In the screening validation assay, these improved variants, A3T/H86M and H86L, showed only slightly improved stability, 1.5-to 2-fold above the wild type, but that was lower than that of Y86 (3.7-fold).
Stability in methanol and ethanol at various concentrations. Wild-type lipase T6 and the improved variants Q185L, A269T, H86Y/A269T, and the combined variant Q185L/A269T were purified using an Ni(II)-bound affinity column. Their stabilities in high concentrations of hydrophilic solvents, methanol and ethanol, was evaluated by measuring their hydrolytic activities on pNPL after 1 h of incubation in methanol or ethanol solutions. The hydrolytic activity of all enzymes decreased as the solvent concentrations increased (Fig. 2) . In addition, ethanol was more denaturing than methanol. However, the decline in activity of the wild type in both solvents was dramatic compared to the improved variants, as after incubation in 60% methanol or 50% ethanol it lost 70% and 89% of its original activity, respectively (Fig.  2) . Variant A269T had the highest activity in buffer, followed by variants Q185L/A269T and H86Y/A269T. Variant Q185L exhibited a significant activity decrease of 15% in buffer compared to A269T (P Ͻ 0.05). Nonetheless, after incubation in alcohol, Q185L showed elevated stability compared to the wild type and A269T. The most destructive effect on the wild type was measured after incubation in 70% alcohol; more than 99% of its activity was lost. However, under the same conditions, A269T and Q185L lost 81% and 71% of their activity in methanol, respectively, and 89% and 80% losses in ethanol. Moreover, the double mutant Q185L/ A269T exhibited an additive stabilizing effect, as it lost 53% and 73% of its activity after incubation in methanol and ethanol, respectively. However, the best improvement was obtained with double mutant H86Y/A269T, which lost only 25% and 47% of its activity after incubation in 70% methanol and ethanol, respectively. Furthermore, this variant showed improved stability in 80% alcohol solutions and showed higher activity than all other variants after incubation in 70% methanol or ethanol (Fig. 2) .
Half-life determinations in alcohol. The stabilities of wildtype lipase T6 and variants Q185L, A269T, H86Y/A269T, and Q185L/A269T in 50 to 70% alcohol were determined by calculating the half-life values from residual activity (E/E 0 ) plots, which represent the deactivation profiles of the enzyme (Fig. 3) . E 0 is the lipase activity under the standard activity assay conditions without an incubation period in alcohol, and E is the lipase activity after incubation in methanol or ethanol solutions. The t 1/2 is the time required for the enzyme to lose half of its original activity under the conditions tested. The half-life values were calculated from the exponential model E/E 0 ϭ exp(ϪK d t). K d represents the enzyme inactivation constant, and t represents the treatment time. This model was previously shown to agree with other enzyme denaturation profiles in aqueous-organic media (62) . Wild-type stability in 50 to 70% methanol and 70% ethanol was very poor, and the results showed a steep decline in the residual activity as the alcohol concentration increased (Fig. 3) . The most destructive effect was shown in 70% methanol and ethanol, in which the wild-type residual activity dropped to less than 1% after 1 h of incubation (Fig.  3) . However, variants A269T, Q185L, Q185L/A269T, and H86Y/ A269T had elevated stability compared to the wild type in 70% alcohol, and after the maximal incubation time (240 min) they maintained 20, 25, 33, and 52% of their activity after incubation in methanol and 15, 15, 27, and 47% after incubation in ethanol, respectively (Fig. 3) .
Half-life values and inactivation constants of the wild type and its variants in methanol and ethanol were determined (Table 1 ). All variants showed improved stability in methanol and ethanol, and the relative stability of the variants compared to the wild type was increased in higher alcohol concentrations, as reflected from the half-life values and inactivation constants ( Table 1 ). The wildtype half-life values at 70% alcohol were very low, 3.9 and 2.9 min in methanol and ethanol, respectively, whereas the mutants' halflives were elevated. Under these conditions A269T and Q185L showed 25-and 23-fold improved stability above the wild type for incubation in methanol (Table 1) . For incubation in ethanol, both Q185L and A269T expressed 27-fold-improved stability. Q185L/ A269T showed an additive effect of the single mutations of 36-and 40-fold-improved stability above the wild type for methanol and ethanol, respectively (Table 1) . Moreover, the most improved stability in alcohol was shown by the double mutant, H86Y/A269T, which displayed elevated half-life values of 258 and 231 min for methanol and ethanol, respectively. Theses prominent half-life values were even higher than the wild-type half-life value in 60% methanol and reflected 66-and 80-fold-improved stability above that of the wild type for methanol and ethanol, respectively (Table 1) . Kinetic analysis of the wild type and variants. Kinetic constants of the wild type and variants were determined for the hydrolysis reaction of pNPL (lipase activity assay without incubation in alcohol). It was evident that substitutions Q185L and A269T did not cause a drastic effect on the wild type's hydrolysis activity of pNPL. Generally, most mutants' catalytic parameters were unchanged from the wild-type enzyme and their affinities for the substrate were at the same level, with K m values ranging between 7.0 ϫ 10 Ϫ2 and 8.1 mM ϫ 10 Ϫ2 (Table 2) . However, variant Q185L showed a 10% decrease in the k cat value compared to the wild type.
Calorimetric studies of lipase T6. The positive correlation between enzyme thermostability and stability in organic solvents was previously demonstrated in numerous cases (40, 41, 63, 64) . Therefore, thermal-induced unfolding was measured using DSC. The thermal-induced unfolding of wild-type lipase T6 occurred as a single transition, with a melting temperature (T m ) of 66.8 Ϯ 0.2°C (Fig. 4) . The single substitution Q185L did not affect the lipase unfolding temperature (T m , 66.8 Ϯ 0.6°C), but the substitution A269T resulted in a significant increase in the T m , to 70.2 Ϯ 0.4°C and 69.4 Ϯ 0.4°C for A269T and Q185L/A269T, respectively (P Ͻ 0.05). Furthermore, the combination of substitution H86Y together with A269T resulted in an addition of 4.3°C to the wildtype T m , to 71.1 Ϯ 0.1°C, which was also significantly higher than all other variants (P Ͻ 0.05).
Synthesis of biodiesel from soybean oil. Methanol-induced unfolding of lipases is one of the major drawbacks of lipase-catalyzed biodiesel production (13, 15, 65) . Therefore, methanolysis of soybean oil catalyzed by lipase T6 and its variants was conducted in order to evaluate the stability of the enzymes in the nonaqueous environment. Solvent-free systems were used with lipase dissolved in buffer and utilizing three different methanol:oil molar ratios (1.5:1, 2:1, and 3:1).
The methanolysis results showed a clear decrease in the FAME yield by all variants as the methanol concentration increased (Fig.  5) . The highest FAME conversion for all methanol:oil molar ratios was achieved by variant H86Y/A269T, which also had the highest half-life values in alcohol. This variant enabled FAME yields of 36.8, 25.1, and 15.5% in methanol:oil molar ratios of 1.5:1, 2:1, and 3:1, respectively. These conversion values reflected, in general, 2-fold-improved activity above the wild type (Fig. 5) . The secondbest variant was A269T. Not surprisingly, the lowest conversion results were obtained with variant Q185L, with lower performance than the wild type. The activity exhibited by double mutant Q185L/A269T was a combination of those of the single mutants and was slightly lower than the wild type (Fig. 5) . These overall results imply that, despite the improvement in stability in methanol by variant Q185L, this substitution leads to a poor activity in methanolysis.
DISCUSSION
Lipase's ability to catalyze chemical reactions in hydrophilic polar organic solvents, such as methanol, holds great opportunities for the chemical industry and biodiesel production. Therefore, organic solvent-stable lipases have great potential for use in com- 
FIG 4
Typical DSC thermograms of wild-type lipase T6 and variants Q185L, A269T, Q185L/A269T, and H86Y/A269T. The unfolding temperatures of purified wild-type lipase T6 and its improved variants were measured by DSC (1 mM CaCl 2 , 5% glycerol, 300 mM NaCl, 50 mM Tris-HCl [pH 7.2]). The thermal-induced unfolding of lipase T6 occurs as a single transition. The thermograms were generated by using Origin software (MicroCal Inc.). mercial processes. The goal of this work was to enhance the stability in methanol of a lipase from the thermophilic bacterium G. stearothermophilus T6, which naturally has relatively poor performance in this medium. Random mutagenesis (error-prone PCR) and a structure-guided consensus approach were used to create a methanol-stable lipase with improved performance in transesterification of soybean oil. Wild-type lipase T6 exhibited high activity and thermostabiltiy in water yet poor stability in high methanol and ethanol concentrations, with the latter having a more destructive effect ( Fig. 2 and  3 ; Table 1 ). This denaturing influence of alcohols on the structure of a close homologue, G. stearothermophilus lipase P1,which shares 95% sequence identity with lipase T6, was predicted by Chakravorty and coworkers, who used bioinformatic and structural data for the analysis of organic solvent effects on lipases (10) . It was suggested that the lipase structure will be unstable in the presence of hydrophilic solvents (logP Ͻ 2) as they interact with the active site pocket residues and may hinder hydrogen bonds between these residues and water molecules (10) . Nonetheless, in this study, both protein engineering approaches were successfully used to generate variants with improved methanol stability (Fig. 1) .
The data-driven consensus library was found to be very functional, with 90% of active transformants compared to about 50% in the random mutagenesis library. The high functionality of the consensus library can be attributed to the choice of specific point mutations and the application of eliminating criteria to reduce destructive mutations. It was previously shown that the datadriven consensus approach is useful in creating mutant libraries of high functionality, which enables the screening effort to be minimized (39, 42, 47, 61) . Low functionality of a random mutagenesis library may be a result of a high mutation rate and multiple alterations that can lead to destabilization and unfolding of the enzyme (36, 66) . Moderate functionality (61% and 33%) of random mutagenesis libraries (generated by error-prone PCR) with similar mutation frequencies as those determined in this work was previously reported by Bloom et al. for the mutagenesis of cytochrome P450 (66) .
Three beneficial mutations were found in the consensus library. Substitutions H86Y and A269T improved the lipase stability in methanol, and A9Y increased the recombinant lipase expression in the E. coli host cells. Various factors can influence the expression levels of recombinant protein genes in E. coli cells, among them, codon usage, tRNA concentrations, mRNA primary and secondary structures, and the interactions between the sequence following the initiation codon and 5=-end of the 16S rRNA (67, 68) . This mutation can be introduced at a later stage to the improved lipase variants to enhance their expression levels in order to achieve larger enzyme quantities in the purification process.
In this study, random mutagenesis (error-prone PCR) was also found to be useful for creating organic solvent-stable lipases. Random mutagenesis is beneficial, especially in cases of limited structural data and structure-stability correlations, as shown in other studies (27, 31) . Q185L showed the highest stability in methanol, and the second best was H86Y, which was also found in the consensus library. It was interesting to see that both approaches resulted in the same mutation. However, the mutations at the nucleotide level were different. In the consensus library, the point mutations were designed to best fit the E. coli codon frequencies (CAC ¡ TAT, two transition mutations), and in the random mutagenesis the mutation was the result of a single transition mutation (CAC ¡ CAT). Based on this result, we assume that substitution A269T could have been found as well in the random mutagenesis library, as only a single transition difference between the codons (GCC ¡ ACC). However, this would have required the exploitation of more resources and screening efforts.
Variants Q185L and A269T contributed the most to the lipase stability in methanol (Fig. 1) , and their combination, Q185L/ A269T, resulted in an additive stabilizing effect. Nevertheless, the double mutant from the consensus library, H86Y/A269T, showed the highest thermostability and most improved stability in alcohol ( Fig. 2 and 3 ; Table 1 ).
The deactivation profiles of the wild type and the improved variants in the presence of methanol and ethanol followed the first-order inactivation model (Fig. 3 and Table 1 ). Similar observations on the inactivation effect of organic solvents have been reported for other enzymes, such as Pseudomonas aeruginosa LST-03 lipase (27) and horseradish peroxidase (62) .
As our research goal was to create a lipase for enhanced stability in methanol with improved performance in esterification and transesterification reactions, we evaluated the wild type and improved variants for biodiesel synthesis. The methanolysis activity of all variants decreased as the methanol concentrations in the reaction system increased (Fig. 5 ). This decreased activity at high methanol concentrations was probably a result of the methanolinduced unfolding of lipase, which led to inactivation. It was previously reported by Shimada et al. that a decline in methanolysis performance was observed for immobilized Candida antarctica lipase in reaction systems with methanol:oil ratios higher than 1.5:1 (16) .
Mutants H86Y/A269T and A269T, which showed the best methanolysis activities in all reaction systems, also possessed improved half-life values in methanol ( Fig. 3 and Table 1 ) and elevated thermostability (Fig. 4) . However, mutants Q185L and Q185L/A269T, which showed improved stability in methanol, had inferior methanolysis activity compared to the wild type in nonaqueous media (Fig. 5) . Therefore, we suggest that the improved methanolysis activities of variants A269T and H86Y/ A269T were a result of their improved stabilities in methanol, as there were no significant differences in their kinetic parameters compared to the wild type (Table 2 ). Subsequently, we assume that the decreased methanolysis activities of Q185L and Q185L/ A269T were a result of the Q185L mutation, which hinders the lipase activity.
This work demonstrated the effectiveness of protein engineering to design a lipase for enhanced stability in methanol and as a result to improve its performance in biodiesel synthesis. Our research results also emphasize the power of the structure-guided consensus approach for generating active and stable enzymes by using smaller and smarter libraries, while minimizing the screening efforts and shortening the time to achieve the desired biocatalyst. The random mutagenesis approach was also useful in creating methanol-stable variants. However, this approach requires larger libraries and a few mutagenesis cycles to find improved variants (directed evolution), which may expand the screening efforts and the time for the target (36, 61, 69) .
A 3D homology model of lipase T6 and the methanol-stable variants was created based on the crystal structure of G. stearothermophilus lipase P1 (PDB code 1JI3) (56) in order to improve our understanding of the mutagenesis effect on lipase stability and activity. According to the model, all mutations, H86Y, Q185L, and A269T, are located on the enzyme surface and could have direct interactions with the solvent (Fig. 6) . It was previously reported that the interactions between surface residues and the solvent molecules have a key role in enzyme stability in organic solvents (7, 8) . Ogino and coworkers found that substitutions of residues located on the enzyme surface resulted in a shift of their stability in various organic solvents. P. aeruginosa PST-01 protease stability in organic solvents was reduced (70), and P. aeruginosa LST-03 lipase stability in organic solvents was enhanced as a result of surface residue substitutions (27) . In both cases, it was suggested that the surface residues have an important role in preventing solvent molecule penetration through the enzyme surface, and therefore mutagenesis of such residues caused a change in the enzyme's organic solvent stability (27, 70) .
Alanine 269 is located on a ␤-sheet and is exposed to the protein surface (Fig. 6 ). The replacement with threonine resulted in improved stability in the presence of methanol and elevated the thermal-induced unfolding T m by 3.4, 2.6, and 4.3°C for A269T, Q185L/A269T, and H86Y/A269T, respectively (Fig. 4) . Based on the model, T269 can form two new hydrogen bonds with the hydroxyl group of T353 and with the G352 hydroxyl backbone (Fig.  7A and B) . This assumption is supported by the saturation mutagenesis results, in which the only residues found to improve the enzyme stability were threonine and serine. Both have a hydroxyl that can create new hydrogen bonds with other residues. However, A269S showed lower stability than A269T. This observation can be explained with consideration of the relatively high conformational flexibility of the serine residue compared to the threonine, which has a methyl group that can limit the conformational possibilities at this position. Introduction of hydrogen bonds and electrostatic interactions for improving the interactions between amino acids on the enzyme surface were previously reported by Reetz et al. as contributing to the thermostability (71) and organic solvent stability (41) of lipase from Bacillus subtilis. Similarly, organic solvent stability was achieved by the introduction of new hydrogen bonds and facilitating new salt bridges, as reported by Kawata and Ogino for Pseudomonas aeruginosa LST-03 lipase (27) .
Glutamine 185 is situated on the lipase ␣-helix lid (␣6), which has an important role in the lipase "interfacial activation" (Fig. 6  and 7) . Depending on the medium hydrophobicity, it can undergo a conformational change from "closed" to "open" and enable the substrate access to the active site (5, 6). Tyndall and coworkers pointed out the role of Gln184 in G. stearothermophilus lipase P1, homologues to Gln185 in lipase T6, as a possible lid anchor that maintains the "closed" lid conformation by creating hydrogen bonds with the backbone carbonyl oxygen of Phe16 (56) . Based on our model, another hydrogen bond can possibly be formed between the Gln185 side chain and the Tyr205 hydroxyl side chain (Fig. 7C and D) . The Q185L substitution resulted in improved organic solvent stability. However, as opposed to A269T, it did not elevate the thermal-induced unfolding T m (Fig.  4) . Such observations were previously reported by Kawata and Ogino on enhanced stability in organic solvent by single mutations that did not affect the P. aeruginosa LST-03 lipase thermostability (27) . The contribution of a hydrophobic residue at this position was also supported by the saturation mutagenesis results, in which only hydrophobic amino acids (Ala, Val, Leu, Met, and Phe) were found to improve the lipase stability in methanol. In addition, this substitution resulted in slightly lower activity and catalytic efficiency compared to the wild type and the other mutants in the standard activity assay without incubation in alcohol ( Fig. 2 and Table 2 ) and impaired methanolysis (Fig. 5) . We suggest that the replacement of the polar residue glutamine by the hydrophobic residue leucine improved the structural stability of the enzyme by facilitating the interaction between the solvent molecules and the lid surface. Martinez and Arnold have demonstrated the stabilizing effect of surface charges in substitutions by more hydrophobic ones on the stability of ␣-lytic protease in the presence of 84% dimethylformamide (32) . Furthermore, we assume that the lower activity of Q185L is a result of a more favorable "closed" lid conformation than that of the wild-type lid as a result of hydrophobic interactions between the leucine residue FIG 6 Structure models of wild-type lipase T6 with mutation location sites. The active site catalytic triad residues (Ser114, Asp318, and His359) are marked in green. The ␣-helix lid (␣6; Asp176-Ala192) is marked in red. The calcium-binding residues (Glu361, Gly287, Pro367, and Asp366) are marked in orange, with calcium in yellow. The zinc-binding residues (Asp62, His88, Asp239, and His82) are marked in cyan, with zinc in dark gray. Residues subjected to mutagenesis are marked in magenta. The wild-type lipase T6 model was visualized using PyMOL, based on the crystal structure of G. stearothermophilus P1 lipase (PDB code 1JI3).
and the hydrophobic residues of the active site pocket. This can result in limited substrate access to the active site and lower activity. Thus, it is suggested that the differences between the minor activity decrease in the pNPL hydrolysis and the major decrease in methanolysis activity can be explained by the differences in the substrate sizes. When we tested the consensus alignment at position 185, we realized that all the organic solvent-stabilizing residues found in the saturation mutagenesis were also found in the alignment (see Fig. S2 in the supplemental material). However, this position was eliminated from the final candidates in order to reduce the mutagenesis effect on activity as it was placed on the helix lid.
Histidine 86 is located on an ␣-helix relatively close to the zinc-binding residues H82 and H88 (Fig. 7E and F) . The zincbinding domain is a common characteristic of the I.5 lipase subfamily and may have an important contribution to the lipase thermostability (2, 56) . The H86Y substitution did not seem to affect the zinc binding, as the distance between the tyrosine and the zinc was Ͼ6 Å. We assume that the contribution of this mutation for the improved stability in methanol is via the introduction of new hydrogen bonds between the tyrosine hydroxyl group directly to other amino acid residues or to structurally important water molecules, as its effect was similar to that of A269T.
The double mutants, Q185L/A269T and H86Y/A269T, expressed an additive stabilizing effect compared to the two single mutations ( Fig. 2 and 3 ; Table 1 ). We assume that the additive stabilizing effect of these mutations was due to the relatively distant location on the enzyme structure without direct interaction between them, and therefore the individual contribution of each mutation was reflected in the combined mutant. Such an additive effect of several mutations on enzyme stability was previously demonstrated for thermostability and organic solvent stability (27, 31, 32, 39, 40) .
In conclusion, we have successfully engineered lipase T6 for enhanced stability in the presence of methanol and ethanol by applying the protein engineering approaches of random mutagenesis and structure-guided consensus. In this study, we have demonstrated for the first time the power of the data-driven approach of structureguided consensus for creating a lipase with improved methanolysis activity by improving its stability in methanol. The best mutant created by this approach exhibited enhanced stability in polar organic solvents together with improved thermostability while maintaining the catalytic activity. These characteristics could make it a powerful biocatalyst for biodiesel production. The lipase performance in organic solvents can be further improved by using additional protein engineering methods, such as the B-FIT and ISM approaches (38, 41) and by immobilization to a support matrix for recycling. The enzymes will be further investigated by determining their X-ray crystal structures.
